This study proposes a methodology for predicting product failures occurring due to known failures and causalities. The prediction is based on failure propagation in an integrated model of a product, production process, and quality information (PPQ). This methodology enables a designer to predict new failures.
INTRODUCTION

Background
The number of automotive recalls has been increasing globally in the last five years [LITM 2002] . Engineers predicted that this recall rate will progressively increase in the future [Takano 2004 ]. Why were the engineers unable to detect and prevent the failures (recalls) that were allowed to be released in the market? Why is the recall rate increasing during these years? This paper assumes that the "hidden relationships" between a product and production process may be the cause for these failures. In order to detect these relationships, we propose an integrated model of a product and production process. Next, we elaborate on these relationships and the integrated model.
The reason for the increase in the number of recalls
Tamura reported that a major proportion of the failures are based on the mechanism of fundamental and known phenomena [Tamura 2001 ]. The result obtained from the investigation of automotive recalls indicates that most of the observed failures are based on fundamental and known mechanisms. On the other hand, there are few failures caused by new and unknown physical phenomena.
As for the known and fundamental failures that can be clearly predicted, their recurrence is prevented by surveillance at many different development phases. There are very few failures that occur due to negligence or overlooking (9%, [LITM 2002] ). Then, why is the number of automotive recalls increasing? Hatamura pointed out that the hidden relationships between the product components may induce failures [Hatamura 2002 ]. The hidden relationships refer to the causal relationship between the product components (for example, heat from an engine may induce an error in an electrical device).
The product behavior and production process will progressively become more complex as the product structure becomes large scale. As a result, the knowledge of the functions or production process of each component may become exclusive. Exclusiveness means that some areas of knowledge are grasped only by specialists or persons 
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responsible in each section. Therefore, as a company becomes involved in large-scale operations, cooperation between sections is adversely affected due to exclusive knowledge.
Assumption of the failure prediction
Such exclusive knowledge of each section may lead to the unawareness of hidden relationships. Consider the fact that failures due to the production process account for approximately half of the automotive recalls [LITM 2002 ]. The fundamental reason for allowing the outflow of failures is the unawareness of the hidden relationship between a product and production process. Such unawareness means that in the production process, the engineer is unable to realize the causal chain of the phenomena that disturbs the functions and behaviors of the final product. Therefore, we introduce the concept of the hidden relationship between the product and production process. The factors of the increasing automotive recall can be attributed to the following: 1) the hidden relationship between product components, and 2) the hidden relationship between the product and production process.
These relationships enable a designer to determine the causal chains of failures between the product and production process. These chains represent the failure that cannot be predicted by the designer because of the exclusive knowledge between sections. Therefore, we assume that new failures can be predicted by these hidden relationships.
Issues of existing methodology for failure prediction
Several concepts have been proposed that enable a designer to predict new failures that might occur in the design stage of the production process by combinations of the known failures. Tamura et al. have proposed the Stress-Strength Model (SSM) method [Tamura 2001 ]. They demonstrated that the design problems can be represented by the causal chain of failures. The SSM method describes the occurrence of failures using the inference rule. If the stress exceeds the strength, a failure mode is recognized. The stress and strength of a product are considered as the product attributes.
The prediction of new problems by the SSM method is essentially based on the inference rule by interconnecting each causal element of the SSM [Tamura 2002 ]. H. Kawakami et al [Kawakami 2002] proposed another prediction method that uses the interconnection of causal elements is proposed by. They focused on the physical causality in the product design system [Suto 2004] and referred to the connected elements as the Physical Causal Network (PCN).
The models developed by Tamura or Suto for predicting quality issues primarily involve the construction of a knowledge structure. However, the knowledge structure is not sufficient for the prediction of failure. In their methodologies, new knowledge is obtained by searching the knowledge structure. At any point, the information provided to the designer is always the same. However, some of the information cannot be used because the designer cannot understand it without building blocks that represent the product and production process.
Purpose of this research
To avoid such problems, the authors assume two issues. First, knowledge sharing must be achieved by constructing a block diagram of the integrated model of a product and production process. Second, for the prediction of new failures, it is required that the designer is able to access and use these diagrams at any time. Hence, we have introduced the product and process model into these existing models. An integrated product, production process, and quality information model enables the prediction of new failure propagation in the production process.
Hence, we have introduced the product and process model into these existing models. An integrated product, production process, and quality information model enables the prediction of new failure propagation in the production process:
[1]. Formulation of an integrated model of product, production process, and quality information. [2] . A methodology for knowledge reuse by developing a knowledge library based on the integrated model. [3] . An analysis methodology for the prediction of failure using Petri net.
[1] AN INTEGRATED MODEL OF PRODUCT, PRODUCTION PROCESS, AND QUALITY INFORMATION (PPQ)
The acquirement of knowledge for the product, production process, and quality information is required for the prediction of failure. Therefore, an integrated model of the product, production process, and quality information (PPQ) must be formulated. Fig. 1 represents an overview of the PPQ architecture. In order to determine failure propagation, three information models are required:
The product information model is connected to the process information model as its deliverables and causalities. A quality information database is developed in accordance with past projects on product development. Each model is elaborated in the following manner:
Model_1 Product information model
In order to discuss the issue of quality, it is necessary to define a representation model for quality-related issues of the product. Generally, the quality-related issues, such as product failure, are defined as the loss of product functions. The loss of product functions can be considered as an irregular, unexpected, or unforeseen state of a product component. Hence, it is necessary to define the state of a product component. Such a state is termed as the failure state. In order to define the failure state of a product component, we define the entity state as the product component.
The product information can be defined as the E-R model (entity relationship model) [Chen 1976 ]. In addition, we introduce a dynamic description of the state and action objects [Koga 2004] . Fig. 2 describes the information model of product behavior based on the description model of Function Behaviors and State (Structure) (FBS) [Umeda 1990 ] [Brown 2003 ]. The product components or parts are represented as entity objects. For example, the product "auto breaker" consists of the housing, contacts, and levers. In this case, the entity object represents such housing, contacts, and levers. An entity object has certain attributes and a particular state at a given moment. The state of an entity determines the attribute value. The action object of an entity represents the transition between the states and describes the change in the attribute value of an entity.
On the basis of these definitions of the product information, we propose the representation model for quality issues. The quality of the product parts is determined by assuming that their entity state is in a failure state. The condition for the occurrence of a failure state is described as a constraint between the attributes; therefore, the action object can describe the occurrence of a failure state. When some stress affects the entity, the state might change and fall into the failure state (such a state is referred to as the failure mode).
Model_2 Production process model
The primary function of the production process is the conversion of design 
Fig. 2 Product information model
information into an actual product. The production process consists of operations that change the physical state of the product. This changing action due to the operations is represented by processes such as assembling, welding, and cutting by employing equipments and workers. The production process is defined as a sequence of operations.
In order to represent and describe an operation, we introduce IDEF0. Ross developed the IDEF0 principle for modeling actions, decisions, and activities of an organization or system [Ross 1977 ]. Fundamentally, the IDEF0 captures what an enterprise does. It uses objects of process, input, control, and mechanism. However, some research has highlighted that the IDEF0 is weak at modeling parallel processes [Nilsson 2003 ]. Failure propagation includes such parallel processes. Therefore, the production process must be represented not only by the IDEF0 but also some executable language for parallel processes (e.g., Petri Net).
This paper proposes a model representing a single-process operation, as shown in Fig. 3 . The process operation consists of four objects; 1) operation object, 2) intermediate product object (input & output), and 3) condition object. The scheme of each element is shown as follows:
1) Operation object
An operation object represents the function that converts the input object of a product into its output object by employing forms, such as assembling, welding, or some other form. The scheme of the operation object is defined as follows: 1a) attributes (name, work time, work level, failure rate, distribution, and condition), 1b) association with the input object of the intermediate product, 1c) association with the output object of the intermediate product, 1d) association with the resource object, and 1e) association with the condition.
2) Intermediate product object
The intermediate product object represents the state of a product that is not yet completely manufactured or assembled. It represents the product state in which the operational process is in progress (raw and processed material, or semimanufactured products and parts). BOM (Bill of Materials) defines such objects as phantom objects. The phantom object is not sufficiently appropriate because it does not define each operation. In order to analyze failure propagation, it is necessary to clearly define all the intermediate product objects. Therefore, this paper defines all the intermediate product objects.
Each operation object input represents a state that is not yet executed, while the output represents a state that has already been executed. The scheme of an intermediate product object comprises the following: 2a) name of the intermediate product, 2b) association with the entity object of the product, and 2c) value of the attributes of the associated entity.
3) Resource object
Resource object represents the equipment and workers that are required for the operation. The scheme of an equipment object comprises the following: 3a) name of the resource object, 3b) behavior network of each resource, and 3c) attributes (failure rate, cost) Each object of the behavior network interacts within the resource object.
4) Condition object
The operating product requires suitable conditions such as temperature or moisture. The production condition object represents such conditions. The scheme of a condition object comprises the following: 3a) constraint of operation and 3b) constraint of product attribute.
The production process can be described using the definition of the operations. An example in Fig. 3 shows the description of a production process. The production process can be represented by the chain of operations. The output objects of the intermediate products of the inferior operations are treated as the input objects of successive operations.
The resource object exhibits this behavior. In this research, it is assumed that the behavior of equipment and workers can be treated as the state machine.
Model_3 Quality information model
The quality-related information of the product and production process can be defined according to this model. The representation method is described in the following section. The product and production process models mentioned above are not sufficient to identify the failure propagation since this is only normal behavior. It is necessary to introduce the phenomena that can cause a problem. Hence, the authors propose a model of failure knowledge.
The product (component) failure is defined as the failure state, as shown in Fig. 2 . The failure state can be recognized as the failure mode. To identify the failure mode, we introduce the state object. The product component is defined as the entity object. The failure mode is defined as one of the state objects of the entity that has the failure attribute. The state of the product component can be shifted in the failure state by a particular action. This action, which determines such shifting, can be identified as the occurrence of failure.
The failure in the production process is registered as the quality sheet of operation (QSO). Fig. 4 shows the scheme of the QSO. QSO provides the designer the know-how of the production (parts, operation, failure mode, physical phenomena, causes, effects, and measures) according to each process operation. The example in Fig. 4 shows that the failure mode "Spread burr" is confirmed and registered in the QSO.
At present, the products and production processes are very complex. Therefore, it should be designed using a step-by-step approach. For this purpose, it is necessary to describe the hierarchical structure of the product and process information. The z-axis of the product information and production process shown in Fig. 1 represents the decomposition level of the product.
Exhaustive tree
In order to facilitate the registration of the QSO and failure state of the product component, it is necessary to provide the vocabulary and unified terms to the engineer. An exhaustive tree, as shown in Fig. 5 represents the tables of shared and common semantic terms. It provides the vocabulary of each element used in causal knowledge. The exhaustive tree is defined on the basis of Shippai-Mandala methods [Iino 2003 ]. The words of the PPQ model and QSO are integrated by this exhaustive tree. The exhaustive tree is the extension of the Shippai-Mandala to identify the failure propagation from the production process to the product design stage. The exhaustive tree is classified as follows: 
Fig. 4 Quality Information of Production Process
Know-how sheet
Each failure case consists of these 6 elements in relation to each other. The failure cases characterized by recurrent combinations of these elements are considered as important and reusable information. This information is referred to as "knowhow." Therefore, this paper proposes a database system of such recurrent combinations. A combination of E1-E6 is documented in the form of a know-how sheet. Based on this sheet, we can develop a library and make it reusable. Fig. 6 shows the example of a know-how sheet and its scheme. Each element of this sheet is defined based on the PPQ and QSO. This sheet can manage important combinations of the information in the PPQ and QSO.
[3] AN ANALYSIS METHOD FOR PREDICTION OF FAILURE USING PETRI NET Information processing for failure prediction
For failure prediction, an engineer is required to possess comprehensive knowledge about quality-related issues of the product and production process. In addition, the engineer must develop an appropriate causal chain. Fig. 7 shows the knowledge of an engineer who can predict a failure. For the prediction of the product failure "vehicle fire" due to the cause "moisture mixing," this engineer must know the quality information of various fields. Fig. 7 shows the knowledge required from the engineer to predict the failure. The fields of the required knowledge comprise the engine system, steering system, production process, and product Fig. 7 Knowledge of an engineer who can predict the failure information. Usually, an engineer cannot possess all the knowledge that is required to predict this failure. Therefore, it is very difficult to predict the failures. We assume that this engineer is aware of such knowledge and uses them as required. By selecting and integrating such knowledge, this engineer can generate a causal chain and predict this failure.
This study assumes the connected causal chains of the failure in the thought process of the designer, as shown in Fig. 8 . The possible failure is predicted by the failure propagation between the event of production and that of the final product. We refer to such failure propagation as the causal chain of failure. The example shown in Fig. 8 explains the causal chain of failure "vehicle fire" from the event "moisture mixing" in the production process "oil filling."
Each engineer is familiar with the events and causalities of their field of specialization. Generally, an engineer does not suitably know the events and causalities of other technical fields. However, an engineer must know the required information of many fields in order to predict failure.
The knowledge consists of information of the product, production process, and quality. The prediction of failure is very difficult because an engineer is required to be a super engineer. The super engineer is that engineer who has all the required knowledge to predict failure and develop a causal chain. The PPQ model provides information on the product, production process, and quality. Therefore, the PPQ model can provide the required knowledge to predict this failure.
Computational failure prediction
Computational failure prediction can be derived by the knowledge obtained from the PPQ model. In order to generate the causal chain, we propose the computational prediction method.
This study proposes that the dynamic simulation of the PPQ model can provide failure prediction. For dynamic simulation of the PPQ, the rules regarding the translation to a computer language are required. Petri net [Petri 1962 ] is a graphical and executable language that enables us to analyze the complete product and process behaviors taking failure into consideration. Several attempts have been made for the
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The Engineer who can predict the failure [Zhou 1999 ] [Rudas 1997 ]. In order to simulate the PPQ model shown in Fig. 3 , the translation of the PPQ model into Petri net is required. Petri net is defined as a bipartite graph and consists of places and transitions [Nagasaki 2003 ] [Balbo 2001 ].
We propose the translation rules for Petri net based on the PPQ model. Based on these translation rules, the passive elements of the PPQ are translated into place objects of the Petri net, and active elements of the PPQ are translated into transition objects. The translation rules of Petri net are shown in Fig. 9 . The active and passive elements are defined as follows:
1) Active elements of PPQ Operation object, action of equipment/worker, occurrence of failure mode (action of entity), and active element of causal knowledge 2) Passive elements of PPQ Intermediate product object, production condition, state of equipment/worker, failure mode (failure state of entity), and passive element of causal knowledge
EXAMPLE OF PROTOTYPE DESIGN SYSTEM OF PRODUCTION PROCESS WITH MINIMUM QUALITY ISSUES
Based on the explanation provided in the previous sections, we developed a prototype design system using the object-oriented language (Cincom Smalltalk VisualWorks release 7). An example of the production process design of a fixed contact is shown in Fig. 11-13 . The fixed contact is a part of the auto breaker. Fig. 10 shows the shape of a fixed contact. It consists of four parts-fixed contact table, fixed contact guard, arc hone, and fixed contact.
Initially, the designer decides upon the flow of operation or the resources to be used. In this manner, the production process is designed (Fig. 11) . Next, based on the product and production process information, the designer acquires the quality information from the library of the know-how sheet and the QSO (Fig. 12) . By translating this acquired information model of the product and production process to the Petri net, a behavior model of the production process is generated (Fig.  13) . Based on the analysis of the Petri net, the prediction of failures and its causes are provided to the designer as the output of the automatic calculation. Fig. 11 shows the design of the production process. In order to facilitate the design of the production process with minimum quality-related issues, the prototype design system must be developed beginning from the design stage of the production process. The output of this process is the information of the production process (operations, resources, intermediates, and materials). The input of this process is the output of the product design (product information in Fig. 11-1.) . First, the designer imports the product information. Next, the designer selects the assembling sequence (Fig. 11-2. ), imports the sub-production process information (Fig. 11-2.) , and selects the operations (Fig. 11-3. ). Finally, the designer then obtains the information of the production process (Fig. 11-4. ). In order to analyze the product failure, the prototype design system must support the obtaining of quality information. The quality-related information of the production process and product is the output of this process. The information of the production process (output of Fig. 11 ) and product (output of product design) is the input of this process. The production process information comprises the operations, resources, and materials. The designer can obtain quality-related information of each operation, resource, and material by the QSO and know-how sheet (Fig. 12-5. ).The quality-related information of each entity state and actions of entity is obtained in the same manner (Fig. 12-6.) . Finally, the designer obtains the product and production process information along with the failures. Fig. 13 shows the prediction process of the product failure that might occur during the production process. For this purpose, the prototype design system must calculate the behavior of the production process taking failure into consideration. The output of this process includes the product failures that might occur during the production process. The quality-related information of the production process and Fig. 10 Components of fixed contact assembly product is taken as the input of this process. The quality-related information of the production process and product can be translated into Petri net (Fig. 13-7 . and 13-8.), and they are connected (Fig. 13-9 .) by the translation rules (Fig. 9 ). Using this Petri net, the designer finally obtains the complete behavior of the production process as a reachable tree (Fig. 13-10. ). This tree indicates the propagation of possible failures and their causes in the form of a list.
CLOSING REMARKS
Conclusions
In order to predict the failure in a production process, it is important to recognize the hidden relationships between the production process and product. This paper proposes an integrated model of the product, production process, and quality information (PPQ). The integrated model enables the designer to capture the propagation of product failure by causal chains from the production process to the final product. The failure propagation indicates the failures that may occur. The computational analysis method for failure propagation is proposed by Petri net. A prototype system of the PPQ model demonstrates the prediction of failure in the example of a production system of an auto breaker.
In recent years, product failures are increasing rapidly due to the introduction of high-end, fast, and untested product development processes. Such processes should be introduced with logical methodologies for failure prediction. The authors wish that the propositions in this research (PPQ, know-how sheet, and quality information of the production process) may contribute to the speed up of the development time with minimum quality-related issues.
Difference between FMEA and this methodology
Process FMEA (PFMEA) is a prediction methodology that is similar to this research. The purpose of the PFMEA is the impact analysis of potential failure modes of the process operation. The first step of the PFMEA is to list the potential failure modes of each production operation taking the process function and requirements into consideration. The second step is to estimate the impact of the product function and mechanisms. However, the designer must independently execute these steps. Based on personal knowledge, the designer must create a list of potential failure modes in the PFMEA sheet and estimate the impact of each failure mode.
Many researches have pointed out that the drawbacks of PFMEA are the inability to provide an exhaustive list of failure modes and the lack of support for impact analysis. On the other hand, the proposed method in this research can provide an exhaustive list of failure modes for each operation as a search result of the exhaustive tree and know-how sheet based on the PPQ model. To achieve an adequate impact analysis, the proposed method in this research can provide the causal chain from the failure mode of the product function to the failure state of the product component. Therefore, this method can eliminate the drawbacks encountered in PFMEA.
Future works
Future work is required in order to investigate the following issues: 1) An integrated design methodology of the product behavior design and production process Product failure arises when the product behavior is affected. Therefore, information on the failure state of a product component is not readily available. A failure state is supposedly introduced by the product behavior. Hence, it is necessary to develop an integrated design methodology of the product behavior design and production process.
2) Reduction and decomposition of the reachable tree The designer requires a reachable tree not only as an analysis method but also as a design method. However, several existing problems remain to be solved. They are as follows: a) An explosion in the number of markings in the reachable tree b) A reduction in the simulation load 3) Reasoning of the hierarchical structure This study employs the exhaustive tree as a shared and common semantic term. However, the exhaustive tree cannot provide adequate and clear reasoning of the hierarchical structure. The method of contraction and decomposition of the reachable tree is expected to provide a reasoning of the hierarchical structure for the designer.
